NTRAMEDULLARY spinal cord tumors are relatively rare neoplasms that account for 6 to 8% of all central nervous system lesions. 5 Among spinal tumors, however, they account for approximately 20% of the neoplasms in adults and 35% of those in children. 3 Guided by histological features and tumor grade, current treatment is aimed at radical or subtotal removal combined with adjuvant radiotherapy and/or chemotherapy. 6, 7, 9, 11, [16] [17] [18] 29 Gross-total resection of pediatric IMSCTs can be safely achieved with preservation of long-term neurological function. Postoperative progressive spinal deformity often complicates functional outcome years after surgery and is reported to occur in 16 to 100% of pediatric patients. 8, 13, 25, 27, 32 Prior studies of spinal deformity after resection of IMSCTs have been limited by small patient numbers, a retrospective design, and the lack of multivariate analysis. It remains unclear which patients have the highest risk for progressive spinal deformity and who can benefit from very close observation and early spinal fusion. We conducted the single largest study with mul- Object. Gross-total resection of pediatric intramedullary spinal cord tumors (IMSCTs) can be achieved in the majority of cases, with preservation of long-term neurological function. However, progressive spinal deformity requiring subsequent fusion occurs in many cases. It remains unknown which subgroups of patients have the greatest risk for progressive spinal deformity.
tivariate analysis to evaluate the independent risk factors for progressive spinal deformity following IMSCT resection.
Clinical Material and Methods
One hundred sixty-one consecutive patients with IMSCTs were treated between 1980 and 1994 at a single academic institution. Data from these patients were retrospectively collected, and long-term follow-up information was obtained with a focus on the development of progressive spinal deformity. All clinical and radiological variables at presentation were recorded. Each patient's neurological condition was documented at hospital discharge and at a 3-month follow-up visit. For long-term follow-up evaluations, patients and their families were contacted by a physician or trained nurse practitioner via telephone, and they completed a questionnaire assessing symptoms, functional status, and subsequent medical occurrences. Functional status was graded according to the mMS. 21 All patients underwent preoperative x-ray filming and MR imaging and postoperative MR imaging of the spinal segments involved by tumor. Patients demonstrating scoliotic or kyphotic deformity underwent preoperative evaluation by a pediatric orthopedic surgeon, and standing plain films were obtained. Postoperatively, patients were followed up (annual plain films and MR images) by an orthopedic surgeon as well as a neurosurgeon. Standing films were very frequently but not uniformly obtained on follow-up in patients with a preoperative or developing postoperative deformity. During the follow-up period, patients demonstrating continued progression of structural kyphotic or scoliotic curves on radiography despite external bracing underwent attempted curve correction and instrumented fusion. Patients with a stable spinal deformity underwent curve correction and fusion only if the defect was accompanied by radicular symptoms, significant back pain, or functional limitation thought to arise from the deformity. In children requiring subsequent fusion for progressive spinal deformity, the curve type (kyphosis, scoliosis, or kyphoscoliosis) and the time between a prior IMSCT resection and fusion were documented.
Surgical Technique
Children undergoing primary or revision surgery underwent a laminectomy spanning the length of the tumor in all cases. Only medial facet joint exposure was need in the majority of cases, and an effort was made to preserve the facet joint capsule in all cases. Facetectomy was not performed in any cases. Among the last 20 cases treated during the study period, children undergoing surgery for first time underwent an osteoplastic laminotomy with subsequent bone replacement, whereas those who had undergone a prior laminectomy underwent a laminectomy. Ultrasonic aspiration was invariably used after 1985 to excavate tumor from the inside outward until its interface with the white matter was reached. Sensory evoked and motor evoked potentials were used. Resection was deemed complete once the interface with the white matter was reached or was halted if a sustained decrease more than 50% of the baseline value occurred in the motor evoked potentials. Gross-total removal of the tumor was attempted in most patients. Intraoperative interpretation by the operating surgeon and immediate postoperative MR imaging (within 48 hours) were used to determine the extent of resection. Gross-total removal was defined as excision of at least 95% of the tumor. The resection was defined as subtotal (80-95% resection) if either a small tumor piece was deliberately left in place because of an intraoperative clinical decision or an obvious retained fragment was evident on the immediate postoperative MR image. Partial resection, defined as the removal of less than 80% of the tumor, was rare in our series and typically occurred when high-grade lesions were identified intraoperatively or when the results of evoked potential monitoring warranted early termination of the procedure.
Statistical Analysis
For intergroup comparisons, the Student t-test was used for parametric data and the Mann-Whitney U-test for nonparametric data. Percentages were compared using the chisquare test. All variables were assessed as univariate risk factors predicting the need for subsequent fusion by using logistic regression analysis (StatView, SAS Institute, Inc.). The variables with a probability value less than 0.10 on univariate analysis were included in a multivariate logistic regression analysis (StatView). Variables with a probability value greater than 0.05 were removed from the multivariate model.
Results

Patient Population and Tumor Characteristics
One hundred sixty-one patients underwent surgery for an IMSCT during the reviewed period and were followed up for a median of 9 years (range 1-21 years). Patient ages ranged from 6 months to 21 years, and the mean age at the time of surgery was 8.6 Ϯ 5.7 years (mean Ϯ standard deviation). Ninety-eight patients (61%) were male. Prior to our surgical treatment, 13 (8%), 48 (30%), and 104 (65%) patients had undergone chemotherapy, radiotherapy, and surgery elsewhere, respectively, for an IMSCT. Overall, 56 patients (35%) presented with a preoperative deformity. Of the 57 patients who had never undergone previous surgery, 19 (33%) presented with preoperative deformity (scoliotic deformity, Cobb angle Ͼ 10˚). None of these patients had kyphotic or lordotic deformity preoperatively. Of the patients who had undergone prior surgery, 76 (73%) underwent a biopsy procedure and 28 (27%) a resection. The median preoperative mMS score 21 was 2 (IQR 2-4). Symptoms were present for less than 1 month before surgery in 24 patients (15%) and more than 12 months in 47 (29%). One hundred forty-nine patients (93%) presented with motor symptoms, 117 (73%) with sensory symptoms, and 53 (33%) with urinary incontinence.
Tumor involved a mean of six Ϯ three spinal levels. One hundred eighteen patients (73%) had a tumor-associated syrinx on MR imaging. Twenty-four tumors (15%) were confined to the cervical spine and 42 (26%) to the thoracic spine. Sixty-four lesions (40%) involved the cervicothoracic spine (C-7 and T-1) and 37 (23%) the thoracolumbar spine (T-12 and L-1). Six tumors (4%) involved both the cervicothoracic and thoracolumbar spine. Gross-total resection was performed in 122 patients (76%) and subtotal resection in 33 (20%). Six patients (4%) underwent partial resection or open biopsy procedure only. The mean number of laminectomies or laminoplasty levels was six Ϯ three.
Pathologically, 66 lesions (41%) were World Health Organization Grade I or II astrocytoma, 14 (9%) were Grade III, and four (2%) were Grade IV. In addition, there were 44 gangliogliomas (27%), 19 ependymomas (12%), 10 ganglioneurocytomas (6%), three glioneurofibromas (2%), and one primitive neuroectodermal tumor (1%).
Incidence of Progressive Spinal Deformity
Forty-three patients (27%) required subsequent fusion for progressive postoperative spinal deformity (15 cases of kyphosis, 14 of scoliosis, and 14 of kyphoscoliosis) at a mean of 3.7 Ϯ 2 years after an IMSCT resection. Lordotic deformity did not occur in any patients by the last follow-up. Seventeen (40%) of these 43 patients did not have a spinal deformity on presentation. Thirty-six (84%) of these 43 patients had previously undergone surgery for an IMSCT. Among the entire study group, 60 patients (37%) had a stable, asymptomatic spinal deformity that did not require fusion a mean of 5 Ϯ 4 years after IMSCT resection. Of the 56 patients with preoperative deformity, the defect resolved in six (11%), remained stable in 24 (43%), and progressed in 26 (46%), requiring fusion after IMSCT resection. Three months after surgery, the median mMS was the same in patients who required subsequent fusion compared with those who did not (mMS 3 [IQR 2-4], p = 0.564). At the last follow-up, the median mMS and KPS scores were worse in patients requiring subsequent fusion compared with those who did not (mMS: 
Predictors of Progressive Spinal Deformity
On univariate analysis, a decreasing age by years, an age younger than 13 years, symptom duration longer than 12 months, lower-extremity symptoms only, urinary incontinence, a cervical or thoracolumbar lesion location, a preoperative deformity, tumor-associated syrinx, an increasing number of IMSCT surgeries, and gross-total as opposed to subtotal resection were associated with subsequent spinal deformity requiring fusion (Table 1) .
On multivariate analysis, an age younger than 13 years, a preoperative deformity, involvement of the thoracolumbar junction, and tumor-associated syrinx each independently increased the odds of a subsequent spinal deformity requiring fusion 4.4-, 3.2-, 2.6-, and 3.4-fold, respectively. Resection of an IMSCT less than 1 month after the onset of symptoms independently decreased the odds of subsequent fusion ninefold. Each additional IMSCT resection independently increased the odds of subsequent spinal deformity requiring fusion by 1.8-fold ( Table 2 ). The increased incidence of a progressive spinal deformity as a function of these six patient subgroups is demonstrated in Fig. 1 .
Discussion
In this study, we identified preoperative variables predictive of progressive spinal deformity requiring fusion after IMSCT resection. Preoperative deformity, an age younger than 13 years, an increasing number of resections, a tumor involving the thoracolumbar spine, and tumor-associated syrinx were independently associated with a progressive postoperative spinal defect. Patients undergoing resection less than 1 month after presentation had a decreased risk of a subsequent progressive spinal deformity. We also demonstrated that the development of a progressive spinal deformity was associated with a decreased functional outcome despite its subsequent surgical correction and fusion, thus suggesting that the prevention of spinal deformity with fusion at the time of IMSCT resection may have averted a
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Risk factors for progressive spinal cord deformity functional decline in these cases. The notion that a worsened functional status in these patients was the result of progressive deformity is supported by similar preoperative and 3-month postoperative mMS scores among the groups. Patients being evaluated for the resection of an IMSCT with multiple risk factors should be monitored very closely for the development of spinal deformity following lesion removal (Fig. 2) . The development of progressive spinal deformity following IMSCT resection is relatively common and has been reported to have a widely varying incidence (16-100%) in various pediatric series. 8, 13, 25, 27, 32 Reimer and Onofrio 27 reported that 13 (41%) of 32 patients with intramedullary astrocytomas had spinal deformities following resection. Yeh and colleagues 32 reported that 12 (44%) of 27 patients had subsequent progressive spinal deformities and that these defects occurred more frequently in patients with tumors of the thoracolumbar region, when a laminectomy rather than laminoplasty was performed, and when a preoperative spinal deformity was present. 32 Papagelopoulos and coworkers 25 reported that six (17%) of 36 patients had a spinal defect following intra-and extramedullary spinal cord tumor resection, and an increased incidence of spinal deformity was associated with more than two removed laminae and/or a facetectomy performed at the initial operation. However, a small patient population in that study prohibited the identification of independent risk factors for the development of progressive spinal deformity.
465
In our study we identified several independent risk factors for the development of spinal deformity following resection of an IMSCT in children. Age, as previously reported, is a contributing factor. 1, 4, 10, 23, 25 As a result of their immature skeletal systems, younger children have a greater proportion of cartilage, increased ligamentous laxity, and more horizontally oriented facet complexes. 10 These features in combination with the growing spine accentuate the altered spinal biomechanics caused by an IMSCT resection 10, 28 and likely underlie the increased incidence of spinal deformity observed in children younger than 13 years old in our study.
Preoperative deformity predisposes to progressive postoperative spinal defect. 19, 20 Others have reported that the risk of a postoperative spinal defect doubles when the spine is deformed preoperatively. 19 Preoperative scoliotic deformity leads to asymmetric loading, resulting in a documented alteration in the composition of the vertebral bodies, vertebral discs, and paravertebral musculature that may be irreversible despite IMSCT resection. 12, 22, 30 Our data confirmed that tumor-related deformity is not uncommon: 33% of patients who presented de novo with an IMSCT had a spinal deformity. Syringomyelia was independently associated with a spinal deformity and confirms the previously documented notion that syringomyelia plays an etiological role in spinal deformity. 2, 24 Asymmetrically expanding syringomyelia damages the anterior horn neurons in the spinal cord, leading to an imbalance in paravertebral muscle strength. 14, 15 This pathological effect may underlie the strong association observed in our study between tumor-associated syringomyelia and progressive spinal deformity. Although tumorrelated deformity was not uncommon in the present study, only 16% of the patients with a de novo tumor-related deformity ultimately required spinal fusion for the defect. This result compares favorably with the 58% rate of progressive spinal deformity in patients who presented with a defect after having undergone surgery elsewhere, suggesting that tumor-related deformity may not solely predict the development of a severe postoperative defect. Although no child in this series had a rapidly progressive or marked deformity at the time of presentation and IMSCT resection, the correlation between the degree of stable preoperative deformity and a subsequent defect was not analyzed. Future studies are needed to substratify the severity of preoperative defects as predictors of subsequent progressive deformity. Furthermore, our variation in the duration of the follow-up (median 9 years, range 1-21) may have created a bias that underestimates the true incidence of deformity.
The likelihood of an iatrogenic spinal deformity grows proportionally with each subsequent surgery. Because of the referral pattern for our practice, the majority of our patients had undergone surgery elsewhere before our treatment. Multivariate analysis demonstrated that each additional tumor surgery increased the risk of postoperative deformity nearly twofold, most likely as a consequence of further destruction of already damaged osseous, muscular, and ligamentous structures. In this series, the thoracolum- bar junction was particularly vulnerable to iatrogenic destabilization. This junction is a high-stress area subject to rotational forces at the transition between the relatively rigid thoracic spine and the relatively mobile lumbar spine. 31 Patients undergoing surgery in this area for trauma-related injuries and degenerative spinal pathophysiologies have been shown to have an increased incidence of postoperative spinal deformity. 26 Most likely, the postoperative deformity in the present series was not solely due to osseous destabilization. Although facet resection is known to increase the risk of postoperative spinal instability, 10, 20, 25 facetectomy was not needed in any of our cases to gain midline access for tumor resection. A previous report on the long-term results in this same patient series reveals that long-term survival and good quality of life are reasonable expectations when radical resection of an IMSCT is achieved. 7 Data from the current study indicated that an aggressive surgical approach at the first operation can limit the need for subsequent surgical procedures and thereby restrict the development of postoperative spinal deformity.
Conclusions
The incidence of spinal deformity in the pediatric population following an IMSCT resection is relatively common. Illustration depicting an IMSCT recurrence and multiple risk factors for subsequent progressive spinal deformity in a 10-year-old child (age Ͻ 13 years). The child presented for revision surgery of an IMSCT involving the thoracolumbar junction with a tumor-associated syrinx and stable scoliotic curve (Cobb angle 15˚). Eight (80%) of 10 patients presenting with all five risk factors had progressive spinal deformity requiring fusion a mean of 6 Ϯ 1.5 years after IMSCT surgery.
spinal deformity. Patients who present with one or more of these risk factors warrant close observation following IMSCT resection.
